The hypersensitive resistance to tomato spotted wilt virus (TSWV) in pepper is determined by a single dominant gene (resistant allele: Tsw) in several Capsicum chinense genotypes. In order to facilitate the selection for this resistance, four RAPD (among 250 10-mer primers tested) were found linked to the Tsw locus using the bulked segregant analysis and 153 F 2 individuals. A close RAPD marker was converted into a codominant cleaved amplified polymorphic sequence (CAPS) using specific PCR primers and restriction enzymes. This CAPS marker is tightly linked to Tsw (0.9 ± 0.6 cM) and is helpful for marker-assisted selection in a wide range of genetic intercrosses.
Introduction
Tospoviruses are now an important pathological threat to many vegetable, ornamental, and industrial crops, due mainly to the expansion of efficient thrips vectors worldwide (Goldbach and Peters 1994) . Exotic germplasms have become interesting resources for the development of resistant cultivars. The Sw-5 gene that confers resistance to Tospovirus serogroups I (i.e., tomato spotted wilt virus, TSWV) and II (i.e., groundnut ringspot virus, GRSV, and tomato chlorotic spot virus, TCSV), derived from Lycopersicon peruvianum, was transferred to the cultivated tomato (Stevens 1964) . The Tsw resistance gene to Tospovirus serogroup I (Black et al. 1991; Boiteux 1995) originates from Capsicum chinense and is presently being introgressed into pepper cultivars (Costa et al. 1995) . At least five different C. chinense lines possess a single dominant gene at the Tsw locus conferring a hypersensitive resistance to TSWV: 'PI 152225', 'PI 159236', 'CNPH 275' (Boiteux 1995) , 'C00943' (Black et al. 1996) , and '7204' .
In pepper and tomato plants, the screening of resistance among segregating progenies during the breeding process has been facilitated by early selection tests using the mechanical inoculation of plants, symptom notation, or serological tests (Stevens et al. 1992; Boiteux and de Ávila 1994) . However, the selection for TSWV resistance through the inoculation test is hindered by several drawbacks. A general difficulty is the pyramiding of many resistant genes requiring several resistance tests on the same plant, which is not always possible. More specific difficulties exist with TSWV resistance screening. The inoculation tests necessitate the storage and multiplication of a TSWV inoculum and the control of the inoculated plants in restricted areas to avoid any viral spread. TSWV has been declared a quarantined pathogen in several European countries, and artificial tests may be prohibited for safety purposes. Moreover, TSWV is prone to evolving when mechanically inoculated (De Resende et al. 1991; Moury et al. 1997) , impeding the maintenance of a stable and homogeneous TSWV inoculum. The selection from common TSWV isolates of evolved TSWV strains that overcome the Tsw gene has been observed during laboratory tests . This can lead to misinterpretations of the resistance tests. Finally, special attention should be paid to conditions of the TSWV resistance screening test. Inoculated pepper plants should not be too old, since mature plant resistance to TSWV occurs with several Tsw + cultivars (Moury 1997) . High temperatures can also destabilize the resistance confered by Tsw (Roggero et al. 1996; Moury et al. 1998; Soler et al. 1998) . For these reasons, the development of molecular markers linked to the Tsw locus would be useful for breeders.
An efficient and relatively simple way to generate molecular markers is to search for random amplified polymorphic DNAs (RAPDs) (Welsh and McClelland 1990; Williams et al. 1990 ). This strategy has already proven valuable, along with restriction fragment length polymorphisms (RFLPs), to establish a genetic map of C. annuum (Lefebvre et al. 1995; Lefebvre et al. 1997) . In association with the appropriate plant material such as bulks of F 2 , doubled-haploid individuals, near-isogenic lines, or aneuploids, RAPD markers have enhanced the saturation of genomic regions near specific loci (Michelmore et al. 1991) . Marker-assisted selection with RAPDs is not always possible because RAPDs designed for one population are not always polymorphic for another, or because they lack reliability. To overcome these problems, it is possible to convert a RAPD fragment to a RFLP probe or a sequence characterized amplified region (SCAR) (Paran and Michelmore 1993) . SCAR markers are based on the sequencing of RAPD fragments and further definition of more specific primers. Unfortunately, these newly defined primers often lead to monomorphic amplifications and loss of the initial polymorphism (Paran and Michelmore 1993) . To retrieve this polymorphism, CAPS (cleaved amplified polymorphic sequence) (Konieczny and Ausubel 1993) can be obtained by enzymatic restriction of the SCAR.
SCAR markers provide many advantages in comparison with RAPD. As specific PCR products, they allow the reproducibility of the technique in a relatively wide range of reactive conditions and in different laboratories. As allelespecific markers they are useful for marker-assisted selection in many segregating populations. As potentially codominant markers, they can enhance the mapping precision and increase the available information in a marker-assisted selection program, allowing the detection of heterozygous plants.
In this paper, we present the first identification, by bulked segregant analysis on an F 2 population, of RAPDs linked to the Tsw locus. To facilitate marker-assisted selection of the TSWV resistance, one of them was transformed into a more specific and reliable codominant CAPS (cleaved amplified polymorphic sequence) marker. The usefulness of the markers and possible strategies for marker-assisted selection are discussed.
Materials and methods

Viral and plant material
The LYE 51 TSWV strain was used for inoculation of pepper plantlets to check for the presence of the Tsw gene according to the procedure described by Moury et al. (1997) . This strain comes from a tomato isolate collected in southeastern France in 1991 (Nono-Womdim et al. 1994; Moury et al. 1997 ).
An F 2 population of 153 individuals was derived from an interspecific cross between 'PI 195301' (susceptible C. frutescens accession) and 'PI 152225' (resistant C. chinense accession). This progeny was chosen for its lack of segregation distortion (Moury et al. 1997) . The genotype at the Tsw locus for each of these F 2 plants was assessed by testcrosses with 'PI 195301', the susceptible parent. For 101 F 2 plants, a mean of 9 plants per testcross progeny were inoculated and noted for resistance to TSWV according to symptom observation and DAS-ELISA (double antibody sandwichenzyme-linked immunoabsorbent assay) confirmation tests . This ensures, a posteriori, 100% reliability for heterozygous and 99.8% reliability for homozygous plant genotyping. The 52 remaining F 2 plants were not fertile enough when crossed by 'PI 195301'. Every F 2 plant was also tested for a reaction to TSWV on excised leaves (Moury 1997) and were noted to be resistant (without distinguishing heterozygous from homozygous plants) or susceptible. Two different reactions were observed on excised leaves: early hypersensitive, well delimited, necrotic lesions on resistant plants, and late, chlorotic, diffuse lesions on susceptible plants. This allowed the characterization of 38 additional F 2 individuals and consequently, the segregation of the resistance was analyzed on 139 F 2 plants. Two other C. chinense lines ('PI 159236' and '7204') as well as five C. annuum inbred lines of various origins ('H3', 'Perennial', 'Yolo Wonder', and 'Criollo de Morelos 334', Lefebvre et al. 1995) were checked for CAPS polymorphism.
DNA extraction, bulked DNA material preparation, and RAPD analysis
Isolation of the total DNA from leaves of the 153 F 2 plants was as described by Lefebvre et al. (1995) but as modified by A. Blattes (unpublished) with addition of NaCl (2 M) in the extraction buffer for the removal of polysaccharides by ethanol precipitation (Michaels et al. 1994) .
The concentrations of the DNA from 8 homozygous resistant (Tsw/Tsw) and 8 susceptible (Tsw + /Tsw + ) F 2 individuals were evaluated on an agarose electrophoresis gel and equalized before stoichiometric pooling. RAPD analysis was carried out with 10-mer primers (Operon Technologies Inc., Alameda, Calif.). The 25-µL reaction mix was composed of: approximately 25 ng DNA, 200 µM of each nucleotide (Boehringer Mannheim, Germany), 0.3 µM primer, 1.25 U Taq DNA polymerase (Appligène, France) and an adequate amount of Appligène buffer (included 1.5 mM MgCl 2 ). The PCR was conducted on a Techne PHC-3 thermocycler (OSI, Elancourt, France) and consisted of 1 min at 93°C, 45 cycles of 1 min at 93°C, 1 min at 40°C, and 2 min at 72°C, followed by a final step of 10 min at 72°C. PCR products were separated on 2% agarose gels in Tris-acetate EDTA (TAE) (Sambrook et al. 1989 ) and revealed by ethidium bromide staining.
SCAR design and CAPS analysis
The 600-bp fragment amplified with the OPAC10 primer (Table 1) and linked in coupling with the resistance was excised from an agarose gel and re-amplified as described above with the OPAC10 primer for blunt-end cloning (Sambrook et al. 1989 ). This PCR product was phenol-chloroform purified (Sambrook et al. 1989 ) and further purified with the Prep-A-Gene kit (Biorad, Hercules, Calif.). The PCR product obtained was filled and its termini phosphorylated using the Klenow fragments of Escherichia coli and T 4 DNA kinase according to Sambrook et al. (1989) . It was then blunt-end ligated into the SmaI site of the pBluescript IISK plasmid. The E. coli DH5α strain was transformed (Sambrook et al. 1989 ) with this new plasmid vector.
The identity of the cloned DNA fragment was checked by hybridization to Southern blots of RAPD amplifications of F 2 individuals that segregated for the corresponding RAPD. Double-stranded sequencing of the cloned fragment was carried out by the dideoxychain-termination method using the M13 forward and reverse primers by Génome Express (Grenoble, France).
Two specific oligonucleotides were then defined using OLIGO 4.0 software (Rychlik and Rhoads 1989) and synthesized (Eurogentec, Senaing, Belgium). They did not include, or only partially included, the RAPD primer sequence (Table 1) . They were chosen without any palindromic sequence, and with a low internal stability at their 3′ end and a high internal stability at their 5′ end. PCR conditions with these oligonucleotides were identical to those of PCR with RAPD primers except for the annealing temperature, which was 60°C.
As the SCAR primers amplified a fragment of the same size from the 9 genotypes tested (three resistant C. chinense lines, 'PI 152225', 'PI 159236', and '7204', the C. frutescens line 'PI 195301', and five C. annuum cultivars), all these 9 lines were then screened for restriction site polymorphisms in the SCAR amplification products using 25 restriction enzymes with 4-or 6-bp recognition sites and according to the manufacturer's instructions. Five U of enzyme was used for 1 µL of PCR product.
Linkage analysis
The genetic linkage between markers and the Tsw locus as well as the genetic distances were assessed by MAPMAKER 3.0b software (Lander et al. 1987) . Linkage was considered significant with a LOD score value above 3.0 and a distance below 40 cM. Recombination fractions were converted into Kosambi centimorgans (cM).
Confidence intervals for the distance estimations were according to Lorieux (1993) for pairs of dominant markers in coupling. Further calculations have been made for confidence intervals of distances between a dominant and a codominant marker. b The underlined sequence represents part of the initial RAPD primer. c r ± σ r , where r is the distance estimation between the marker and the Tsw locus and σ r is the standard error of r (except for OPB01). Distance estimations are according to Lorieux (1993) for pairs of dominant markers in coupling. Further calculations have been made for distances between a dominant and a codominant marker.
Results and discussion
Identification of RAPD markers linked to the
d No recombinant individual between Tsw + and OPB01 has been observed ( r = 0). The distance indicated is the minimal distance (d min ), between the Tsw resistance locus genotyped as a codominant allele and the dominant RAPD marker OPB01 750 , under which it is improbable to detect a recombination event with our population size (Tanksley et al. 1988) . d min = 2*(1 -10 logα /n ), where α is the type I error (α = 0.05), and n the size of the population (n = 111). Out of the 250 primers tested on the 2 bulks and the 2 parents of the F 2 population, 5 revealed clear and repeatable RAPDs. They are listed in Table 1 as OP primers. OPAC10, OPAH13, OPAF16 (Fig. 1) , and OPAB17 (data not shown) generate dominant markers (respectively 593 bp according to the sequence data,~800 bp,~250 bp, and~750 bp) amplified in the resistant parent 'PI 152225' and in the resistant bulk only. OPB01 generates a dominant marker (~750 bp) amplified in the susceptible parent 'PI 195301' and in the susceptible bulk only (Fig. 1 ). Markers were designated by the name of the primer and the size in base pairs of the polymorphic fragment in lower case. These 5 primers have been used to amplify the DNA of the 153 individuals of the F 2 population and the linkage with the Tsw locus was analyzed (Table 1 ). The OPAC10 593 and OPAF16 250 marker segregations only differ in one individual and map near Tsw. There are two individuals recombinant between Tsw and OPAC10 593 and one additional individual recombinant between Tsw and OPAF16 250 . No individual has been observed to be recombinant between Tsw + and OPB01 750 . OPAH13 800 is~20 cM from Tsw. Finally, the OPAB17 750 marker is unlinked to Tsw. The distances between the RAPD markers and the Tsw locus are shown in Table 1 . The 4 markers span approximately 20 cM.
In pepper, bulked segregant analysis showed contrasting results. For example, the independent use of 750 (Pierre et al. 1997 ) and 800 (Djian-Caporalino et al. 1997 ) 10-mer random primers did not allow the detection of any marker linked to the Bs3 (resistance to Xanthomonas campestris pv. vesicatoria) and the Me3 (resistance to Meloidogyne spp.) genes, respectively. On the other hand, we could detect 4 RAPD bands linked to the target gene Tsw using only 250 primers. Three of these are located very close to this gene. The polymorphism rate in the vicinity of the target gene may be low in the case of Bs3 and Me3 (intraspecific origin) but higher in the case of Tsw (interspecific origin), which could account for these discrepancies. The efficiency of bulked segregant analysis relies greatly on the unequivocal genotyping of the resistant and susceptible plants pooled in the bulks. For this purpose, in addition to an excised leaf test, to ensure a high level of confidence in the genotype, these plants were scored for resistance according to their testcross progeny. Both bulks contained only DNA from plants homozygous at the Tsw locus, which allowed the investigation of coupling and repulsion phase RAPD, enhancing the bulked segregant analysis efficiency.
Conversion of the OPAC10 593 RAPD marker into a CAPS marker
Both the OPB01 750 and OPAC10 593 RAPD markers are good candidates for conversion into CAPS markers and both of them were tested. However, the SCAR issued from the OPB01 750 RAPD fragment did not deliver any polymorphism in segregating progenies when tested with 25 restriction enzymes, thus only the results concerning OPAC10 593 are given.
The OPAC10 593 RAPD marker was cloned and sequenced. Using a PCR product of this cloned fragment as a DNA probe in hybridizations of Southern blots of RAPD profiles confirmed that this clone corresponded to the RAPD marker (data not shown). Two specific SCAR primers were defined from the sequence of the clone corresponding to OPAC10 593 (Table 1 ) and called SCAC 568 primers. These primers amplified a single 568-bp band, as expected from the sequence data, for the three resistant C. chinense genotypes and for the six susceptible C. frutescens or C. annuum genotypes.
A codominant polymorphism was revealed after restriction of the 568-bp fragment with XbaI between two resistant genotypes ('PI 152225' and 'PI 159236') and the 7 other Genome Vol. 43, 2000 Fig. 2 . Segregation of the codominant CAPS SCAC 568 linked to the Tsw locus (resistance to TSWV). PCR with specific primers was followed by restriction with XbaI. P 1 , susceptible parent ('PI 152225'); P 2 , resistant parent ('PI 195301'); B 1 , susceptible bulk; B 2 , resistant bulk; (P 1 × P 2 ) F 2 individuals: S, homozygous susceptible; H, heterozygous; R, homozygous resistant (M, size marker). (Fig. 2) . This demonstrates that they correspond to the same locus. The distance between the CAPS marker and the Tsw locus was 0.87 cM ( Table 1 ). The codominance of the CAPS marker increases the precision of the estimated distances because heterozygotes could be accurately scored. Between the RAPD and the corresponding CAPS marker, the confidence interval for the distance estimation (2*σ r ) changes two-fold (Table 1) . TaqI and HaeIII (data not shown) restriction products of SCAC 568 exhibited polymorphisms between two resistant genotypes ('PI 152225' and 'PI 159236') and the five C. annuum lines. These polymorphisms would also be useful for the introgression of Tsw gene in an agronomical C. annuum genetic background.
Fig
The best-fit order between all markers, determined with MAPMAKER software, is shown in Fig. 3 . Several other putative orders are also highly probable due to the short distances.
Use of the markers for breeding
The possibility of PCR amplification with the SCAR primers in any Capsicum line tested makes these PCR products potentially useful for a number of selection programs, if polymorphism can be retrieved with restriction enzymes. From this viewpoint, the C. chinense 'PI 152225' and 'PI 159236' resistant genotypes are more suitable than '7204', since no polymorphism was detected between '7204' and the five susceptible C. annuum lines tested. The restriction of the SCAR amplification with either XbaI, TaqI, or HaeIII lead to equivalent polymorphisms between 'PI 152225' and 'PI 159236' and the C. annuum lines tested. Regarding '7204' and 'PI 195301', additional polymorphisms are conferred by restriction with TaqI (or HaeIII) in comparison to restriction with XbaI (data not shown).
The identified CAPS appears to be very close to Tsw. However, genetic distances can vary depending on the segregating population screened. A doubled-haploid population of 184 lines was derived from a C. annuum plant heterozygous at the Tsw locus (J.-W. Hennart, personal communication). In this population, the estimated distance between Tsw and SCAC 568 is 3.2 ± 1.3 cM, which is significantly higher than our estimate (0.87 cM). This could be due to a lower recombination rate in our interspecific population (C. frutescens × C. chinense). Regardless, the SCAR marker is still useful for selection. Melchinger (1990) showed that in a backcross selection program, using a single marker can be almost as efficient as using a pair of markers around the gene of interest. Such a selection program could be conducted with the SCAC10 568 marker to introgress the resistance in pepper cultivars. Alternately, SCAC10 568 and the OPAH13 800 RAPD marker (located about 20 cM away from Tsw) could be used together, since an efficient selection can be driven, even with a loose linkage between the gene of interest and the two markers surrounding it (Procunier et al. 1997 ).
